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from a device point of view cannot be carried out. [11] [12] [13] Class 2 -"polymeric substrate last" refers to methods that delay the use of the low-temperature substrate as long as possible. This class of methods shares the advantage that they can be combined with well-established semiconductor device technologies; the use of nanomaterials is not required. While this may look as a capitulation going back to the old and established method, it has been proven to be a very successful methodology. A pioneer in the fi eld has been Menard et al. [ 14 ] Today, established semiconductor device technologies and segmentation (etching) methods are frequently used to produce microscopic functional device segments, which are subsequently transferred onto lowtemperature substrates. Various forms of stretchable semiconductor device layers and stretchable metallic interconnects have been reported. The fi rst examples were based on semiconductor materials such as GaAs, [ 2, 15 ] InGaN, [ 16 ] and Si [ 15, 17, 18 ] which can be stretched and compressed (demonstrated 50%) if the thin fi lm is transferred onto a polymeric substrate in a way to yield buckled 3D wave-like topologies [ 19 ] similar to an accordion fold. The required fabrication of very thin device layers is perhaps a slight disadvantage. However, it is also possible to use more rigid device elements. Here, segmented devices are distributed on rubber-like substrate and electrically connected using stretchable meander shaped metallic interconnects. This approach has been particularly successful and various new applications were demonstrated; conformable optoelectronic modules, [20] [21] [22] stretchable sensor arrays, [ 7 ] and rubber-like electrocardiographic electrode arrays [ 23 ] are some examples. In contrast with the fi rst method, this methodology enables, in principle, direct use of commercial devices and circuit elements.
As mentioned, Class 2 methods require the assembly of the device layer or the application of interconnects toward the end of the processing sequence that can be challenging as well. Finalization of the functional system requires steps of assembly, alignment, transfer, contact pad registration, or electrical contact formation that are all challenging points. For example, it is diffi cult to form electrical interconnects between individual layers in subsequent transfer steps. As a result, most of the reported structures complete the electrical interconnects directly on the wafer to eliminate this step. In other words, transfer of the entire structure in a single step is often used. Moreover, the stretchable systems reported so far used semiconductor device elements that had all contacts on a single face to eliminate the realization of multilayer alignment; the arrangement presented here will use devices with top and
The fi eld of stretchable electronics has seen a rapid increase in research activities in recent years. It enables new kinds of applications such as smart clothing, [ 1 ] conformable photovoltaics, [ 2 ] stretchable batteries, [ 3, 4 ] artifi cial electronic skins, [ 5, 6 ] or mechanically soft and conformable health monitoring devices [ 7, 8 ] to give a few recent examples. The realization typically requires integration of functional semiconductor materials on a low-temperature stretchable polymeric rubber-like support that is in stark contrast to traditional semiconductor manufacturing which requires the use of high-temperature processing and rigid semiconductor wafers. From a technical point of view, a classifi cation into two groups can be made: Class 1 -"polymeric substrate fi rst" uses the low-temperature polymeric substrates right at the outset of the processing sequence. Commonly direct-write techniques are subsequently used to deposit the required functional materials. This approach may provide certain advantages from a cost savings point of view; however, any subsequent processing step is limited in terms of processing temperature. Class 1 methods are often challenged when it comes to the performance of the devices and the complexity of the circuits or systems they can produce. While new materials [ 9, 10 ] including nanomaterials are sought to be the solution, many of the challenges due to the low-temperature processing requirements remain. For example, the fi eld of printable electronics that applies electronic inks in the form of nanoparticles using direct-write inkjet-like printing methods has not yet achieved the breakthroughs since the high-temperature processing and annealing steps required bottom contacts that are particularly challenging from an interconnection point of view; a lamination step will be discussed to overcome this challenge. Another challenge involves limitations in the size of the stretchable systems that are currently limited to the size and layout of the donor wafer. Large-area integration and redistribution of the active devices is commonly not possible; transfer techniques use a donor substrate/wafer and maintain orientation and integration density. This publication addresses this issue of assembly and redistribution. In the presented case, we will use conventional binned dies on a carrier tape with a pitch and orientation specifi ed by the manufacturer, which is different from the desired fi nal arrangement. In other words, redistribution is required and simple transfer is not possible. A process of directed selfassembly is used to achieve redistribution, alignment, and registration. The process extends the range of applications to the utilization of commercially available segmented semiconductor chips instead of previously used specially designed donor wafers to transfer the parts. As a demonstrator, we choose to fabricate a millimeter thin rubber-like solid-state-lighting module incorporating distributed and electrically connected LEDs. Fabrication of this structure incorporates: i) design and fabrication of the bottom electrode, ii) assembly and electrical connection of the LEDs, and iii) lamination of a conductive top layer. The bottom electrode is designed using a computation tool for realizing "stretch-tolerant," a "gradient," and "no-stretch-regions." The composite structure can be stretched to 220% of the original length, while the assembly sites for the chips remain within a "no-stretch-region" that is more robust than other designs. The assembly of the chips is achieved using a roll-to-roll fl uidic selfassembly platform [ 24 ] that is adapted to work with the soft and rubber-like material. To complete the electrical connections and to eliminate critical alignments, a hybrid top conductive lamination layer will be presented. The laminate is composed of a conductive wire mesh (less adhesive) that is embedded in an adhesive (not conductive) matrix. The composite can tailor the electrical and adhesive properties independently and defect-free lighting modules can be formed. The origin of defects in the 1 mm thick structure under stress will be discussed. Figure 1 provides an overview of the experimental strategy to fabricate mechanically fl exible and foldable area lighting modules on the basis of solder-directed fl uidic self-assembly and lamination. Our goal was to establish a scalable process to fabricate such modules in a continuous roll-to-roll process. Moreover, the process is designed to be compatible with unpackaged commercially available LED chips. We used n-GaN/p-GaN thin LEDs with a side length of 300 µm and a height of 115 µm (XT290, Cree) as device segments in this study. The fabrication of the specifi c area lighting module requires the use of stretchable materials and interconnects to relieve the stress as the structure is bent. Overall, the process is divided by the three required milestones to fabricate a functional unit. First, a suffi ciently reliable bottom electrode with receptors that provides suffi cient stretchability to relieve the stress has to be fabricated. Second, the attachment of the LEDs needs to be done over wide area substrates, which is accomplished using a solder-directed fl uidic self-assembly [24] [25] [26] [27] instead of conventional robotic pick and place or wafer level transfer. Third, the electrical connections need to be completed to operate the LED array. The third Figure 1 . Overview of the three basic steps used to fabricate a rubberlike solid-state lighting module: i) preparation of a stretchable bottom electrode with solder-coated attachment site, ii) the attachment of the LEDs using solder-directed fl uidic self-assembly, and iii) the lamination of a stretchable top conductive layer.
step was particularly challenging; the use of wire-bonding had to be eliminated and it was required to develop a lamination step that applies a stretchable top conductive layer to the structure to complete the electrical connections (photograph, Figure 1 , bottom) without any critical alignment. The required fabrication steps, technology, and present limitations will be described in the following sections.
Preparation and Characterization of the Stretchable Stress-Relieving Rubber Supported
Metal Electrode : The rubber-like bottom electrode has to satisfy a number of requirements: i) it needs to be compatible with the fl uidic self-assembly process we presently use; specifi cally, solder-based receptors and LED attachment points have to be formed which are mechanically stable during the self-assembly process and during operation, ii) the substrate needs to provide a common electrical connection to the anode of the LEDs, iii) the interconnection has to be chemically stable during the self-assembly and electrically isolated from the top conductive layer, and iv) it needs to provide a sufficient amount of mechanical stretchability to relieve the stress between the top and bottom contacts of the LEDs during folding.
While a number of previously published methods were tested, [ 7, 22, 23 ] we ended up with a new design as shown in Figure 2 . Two major diffi culties were found and eliminated.
The fi rst challenge dealt with the interface between the hard and no-stretchable semiconductor dies and the soft and stretchable meander-shaped conducting matrix used as interconnection (Figure 2 A) . Electrical failure at the interface between hard and soft materials through crack and fracture of the metal was found to be an issue in several designs. The current design minimizes this problem and was based on computation model (Ansys Mechanical) testing several layouts with the goal to achieve a "no-stretch-region" (highlighted with the blue circle) that is larger than the LED chip. Additional calculations and a comparison of various elliptic-arc-interconnect designs are presented in Figure S1 in the Supporting Information. The chosen design was based on a compromise between redundancy in the number of parallel interconnects and required level of stretchability, which is further discussed in the Supporting Information. In brief, the depicted design minimizes mechanical stress in close proximity to the chip and diverts the stress to "stretch-tolerantregions" (highlighted with the red circle).
The second challenge dealt with the realization of a stretchable interconnect region that is compatible with the fl uidic selfassembly process. Previous research used a stretchable interconnect that was tailored to work with conventional robotic assembly. [ 21, 22 ] These were not suffi ciently stable in our experiments. Several modifi cations were required to support the fl uidic self-assembly process. A complete surrounding of the metallic conductor with a polyimide cladding The structure is designed to be compatible with a fl uidic self-assembly process that requires the integration of a solder bump in a no-stretch-assembly region. One stress profi le calculation (also being discussed in Figure 3 ) is shown. The profi le depicts a no-stretch-region (blue circle). The no-stretch-region is the preferred location to defi ne an attachment site for the LEDs with minimal mechanical stress. The attachment sites within the array are electrically connected using 100 µm wide and 5 µm thick meander shaped copper traces. These traces are mechanically and chemically stabilized using a polyimide cladding with the illustrated cross-sections. The color difference in the corresponding top view photographs is due to a difference in the background; a white paper cloth versus a transparent background.
was required to achieve the mechanical and chemical stability necessary to support subsequent processes such as solder dipcoating and fl uidic self-assembly. Without such a cladding, the metal was insuffi ciently stable during the solder wetting process. Delamination and fracture occurred during the solder dip-coating process. Even in regions that did survive the solder dip-coating process the metal meander was not suffi ciently stable when being stretched. Both problems were eliminated introducing the "polyimide-clad-copper-microribbons", which are traces of copper that are completely surrounded with upper and lower polyimide cladding. The cladding provides additional mechanical strength and additional adhesion to the EcoFlex substrate. Moreover, the polyimide cladding provides an effective method to prevent solder wetting in the stretchable interconnect regions. At the same time, it can be lithographically patterned and a window can be defi ned to access the copper. The ability to defi ne windows is also essential from a self-assembly point of view; the fabrication of non-stretchable chip attachment points and subsequent chip attachment on the basis of solder wetting requires these windows. From a fabrication point of view, the "polyimide-clad-copper-microribbons" are supported on top of a silicone rubber (EcoFlex, Smooth-On) based substrate; Figure S2 (Supporting Information) details the fabrication steps. Attachment sites for the self-assembly are formed using square-shaped windows in the upper polyimide cladding to access the copper that is subsequently coated with solder (Indalloy #117, MP. 47 °C, Indium Corp., NY) through dip-coating. LED attach at these locations using the selfassembly process discussed later.
From a stretchability point of view, the bottom electrode can be stretched to about 220% (elongated by a factor of 2.2) before electrical failure occurs. Careful analysis, however, shows that the ribbons begin to delaminate from the EcoFlex substrate when being stretched to about 170% of the original length. In the range from 170% to 200% fl exing and torsion becomes clearly visible that agree well with computational analysis of these types of unsupported metal ribbons ( Figure 3 A-C) . The torsion is a result of the buildup of strain and stress at the outer and inner edges of the meander. We would like to note that the stress-relieving mechanism through torsion and delamination is not possible in any device where the metal is sandwiched in between two slabs of EcoFlex. This leads to higher strain on metal traces that eventually cause an earlier failure. For example, as soon as a meander is fully encapsulated with EcoFlex the electrical connections begin to fail at an approximate stretch of 170% of the original length using the current design (5 µm thick and 100 µm wide copper ribbon surrounded with a 8 µm top and 7 µm bottom polyimide cladding (150 and 200 µm wide, respectively). This stretch limit can likely be increased through a reduction of the widths of the ribbons.
All the stretching experiments involved anchoring one end of the fabricated electrode to a fi xed support, while the other end is attached to freely moving support. As a result, the reported numbers are for the condition of uniaxial stretching in both the x and y directions. The previously mentioned 170% represents the limit before irreversible interfacial delamination occurs. The rupture and electrical discontinuity depicted in Figure 3 D occurred at around 220% stretch along the x direction. The encapsulation with a second slap of EcoFlex brings up the question whether voids and air bubbles are introduced as the structure is stretched. The introduction of voids would require a vertical separating force. Indeed, there is an origin of a vertical force that is the torsion of the ribbon (clearly visible in Figure 3 C) . However, in our design, the torsion was not suffi ciently strong to cause the formation of stress relieving voids; the ribbon would rupture fi rst.
We have also measured the electrical resistance of the bottom and top electrodes as it is being stretched (Supporting information, Figure S3A we observe an increase in the resistance due to an irreversible mechanical fracture in the stretch tolerant region. The fracture occurs at the predicted location based on the mechanical stress profi le calculations (Figure 3 C,D) . The top electrode has a different layout. It uses a reduced meander length. As anticipated, the onset of the irreversible mechanical failure occurs earlier with a reduction of the meander length. The electrical resistance remains constant up to 130% stretch. Attachment of the LEDs using Solder-Directed Fluidic SelfAssembly : We assembled the LEDs on the solder-coated attachment sites utilizing a roll-to-roll fl uidic self-assemble machine that has been reported recently. [ 24 ] It applies LEDs to desired areas on a continuously advancing web using a nozzle, which is similar to conventional printing of inks. However, localized electrical attachment is based on directed self-assembly on the basis of surface tension-driven assembly involving a conductive adhesive or solder. [24] [25] [26] [27] [28] [29] The reported process ( Figure 4 ) is able to assemble semiconductor chips onto continuously advancing substrates with a yield approaching 100%. We used 9000 LED chips in the roll-to-roll fl uidic assembly platform. The chips circulate through the system. Access chips are captured at the bottom and reintroduced at the assemble sites. Several adaptations had to be made to get defect-free assemblies using the EcoFlex rubber-like substrates used in this study. EcoFlex caused problems due to non-specifi c adhesion that hinders the movement and distribution of the components on the substrate. To minimize this non-specifi c adhesion, a combination of an oxygen plasma treatment (3 min, 100 W, 100 sccm O 2 ) of EcoFlex surface and the use of a non-ionic surfactant inside the assembly solution (Triton X-100, Sigma-Aldrich, 5 mL per 1 L assembly solution) was required. Freely moving components on the substrate were only observed after this treatment. As a result, it was possible to achieve defect-free assemblies on the EcoFlex substrates as illustrated in Figure 4 B.
It is also important to point out that the LED has two contacts, a small circular top contact and a large square bottom contact. Correct assembly is only possible if the top sides are modifi ed to ensure that the chips assemble with the correct (bottom side) contact on the substrate. This requires the application of a sacrifi cial 100 nm thick and sputter-coated Ti anti-solder wetting layer onto the top face of the LEDs prior to the self-assembly. Solder does not wet this Ti layer that ensures that the chips assemble with the correct orientation on the substrate (Figure 4 B, bottom, left) . The Ti coating of correctly assembled LEDs is removed using a 45 s long wet chemical etch (Figure 4 B , bottom, right) .
After LED assembly we tested the stretchability of the array. The structure maintained the electrical conductivity up to the previously established 220% stretch limit. Most importantly, the introduced localized "no-stretch" assembly sites were found to be very effective to minimize strain; no detachment of the LEDs at these sites was observed during the stretch experiments that means that the meander-shaped interconnects would fail fi rst. This is a dramatic improvement over earlier designs where we lost most of the chips as a result of delamination when the substrate was stretched. Moreover, the design satisfi ed the required mechanical and chemical stability for the self-assembly process. For example, no mechanical damage to the bottom electrode was observed as a result of the assembly process.
Preparation and Characterization of a Stretchable Conductive Top Layer, Lamination, and Testing of the Final Device :
The completion of the lighting module requires the realization and lamination of the top electrode ( Figure 5 ). Our goal was to eliminate conventional serial wire-bonding that is commonly used to contact the top layer of the LEDs and to replace this step using a method that can, in principle, be scaled to a roll-to-roll processing scheme. A solution to this problem is critical since it could lower the production cost and enable processing over larger areas. An ideal method would be a simple lamination step.
To accomplish these goals, the top laminate needs to be conductive, provide some level of adhesion, and form electrical interconnects to the top contact of the LEDs. Moreover, the Adv. Mater. 2015, 27, 3661-3668 www.advmat.de www.MaterialsViews.com Figure 4 . Chip attachment using roll-to-roll fl uidic assembly and photographs of the resulting structures. A) The application and assembly of the chips is achieved using localized application using a dispensing head and directed assembly using surface tension-driven assembly. [ 24 ] The molten solder bumps have a high surface energy that leads to the attachment and alignment of the chips and the formation of an electrical contact to the anode of chips. Results of assembled chips with a high density (bottom left) and a low area density (right) are shown. A 100 nm thick Ti layer is used as an anti-solder wetting layer to ensure correct right-side-up (negative terminal facing up) LED assembly; this Ti layer is removed in 45 s Ti etch (B, bottom) prior to the lamination of the stretchable top contact.
laminate needs to relieve mechanical stress when the structure is bent. Figure 5 A,B shows the design next to the fabrication result; Figure S4 (Supporting Information) provided a fl owchart of the fabrication steps. We introduce a laminate that integrates three design elements.
First, the laminate uses a composite materials approach whereby portions of the surface are more adhesive (not conductive) and other portions are conductive (less adhesive), which allows us to tailor the adhesive strength and interconnect resistance over a wider range then otherwise possible. The adhesive, here in the form of oxygen plasma-activated silicone rubber, is used to hold the metal-polyimide support structures in place. The approach provides a contact force that pushes the slightly protruding conducting metal (Au or Cu) in contact with the LEDs.
Second, the laminate features an anisotropic stretchable profi le that is composed of no-stretch domains (locations to host the rigid and hard LED chips) and high-stretch domains (locations of the stretchable interconnects between isolated device segments), which is more robust when compared with laminates with an isotropic stretch profi le.
Third, the laminate eliminates the requirement of critical alignment through the use of a tight metal mesh that provides redundant pathways to the top contacts on the chips. In other words, the gold mesh is designed to be very fi ne using a pitch (40 µm) that is smaller than the diameter (100 µm) of the top contact. The combination of high-pitch mesh that is extended over larger areas (4 mm × 4 mm) has several benefi ts: i) it eliminates critical alignment steps so that alignment can be done by hand, ii) it provides a number of redundant electrical pathways and electrical connection points (a 2 × 2 redundancy in the current design) to the top contact of the LEDs, and iii) it provides room to expose the intermediate adhesive material (EcoFlex) that increases the mechanical adhesion of this interface. The pitch of LED attachment site (7 mm) was chosen by considering several factors such as distribution of light, aspects to aid in fabrication, and overall desired size of the substrate. The most important factor to aid in the fabrication was the size of the straight-wire-metal-mesh that connects to the top contact of the LEDs. We use 2.5 turns interconnects with a 0.45 mm amplitude for the top conductive layer. Figure 5 C provides images of a functional laminate containing 28 LEDs. Several images of the structure are shown as the structure is bent into different shapes. The entire thickness of the structure is 2 mm. So far, we have tested several structures and typically we observe discontinuities in the electrical connection to appear somewhere in the array when the structure is bent to an approximate 1 cm radius of curvature resulting in a defect as shown. We were expecting to achieve a smaller (about 0.5 cm) radius of curvature since the compressive and tensile stress should be in the 10-20% range; the actual numbers depend on the location of the neutral plane; assuming a location close to the center of the slab, it is equal to the Adv. Mater. 2015, 27, 3661-3668 www.advmat.de www.MaterialsViews.com Figure 5 . Schematics and photographs describing the design, fabrication, and application of the stretchable top conductive lamination layer next to results of a completed 2 mm thin rubber-like module under test. A) The designed laminate is a composite made up of: i) conductive and ii) adhesive as well as iii) stretchable (meander), and iv) non-stretchable (metal mesh) regions; oxygen plasma activated EcoFlex acts as an adhesive during the lamination process. The 20 µm in diameter intermediate EcoFlex bonding sites hold the metal mesh in place which in turn contacts the top contact of the LEDs. A weak point of the current design is the abrupt transition from the "non-stretchable" mesh to the "stretchable" meander. Here, the polyimide support (a partial cladding visible in (A)) improves the mechanical stability. B) Photographs of the realized stretchable top conductive laminate. C) The lamination is presently done by hand; as a consequence, we used a 4 mm × 4 mm metal mesh to tolerate a 2 mm misalignment with respect to the center contact of the LED. Outside this limit, the top contact will not be contacted. The bottom photograph shows a completed lighting module under various levels of deformation.
thickness/(2 × radius of curvature), which is 10%; assuming that the location of the neutral plane is shifted toward one side of the slab it would become 20%. Independent of this detail, the top and bottom electrodes alone provided a higher level of stretchability than the calculated 20% upper limit that means that the illustrated defects cannot be a result of fracture of the meandershaped interconnects. Instead, the cause is an insuffi cient adhesion between the cathode of LEDs and the top conductive layer leading to interfacial delamination that is a reversible defect. This means that it is possible to apply weak pressure to repair this interface to light up the disconnected LED. Moreover, the structure can be stretched up to 120% of the original length. Beyond this point, LEDs in the array begin to turn dark again as a result of interfacial delamination between the metal grid and the top contact; again, a full recovery of the function is possible using the application of pressure. The fi rst permanent failure mode is reached when the structure is stretched to about 135%; at this point, we were able to record fracture of the meander shaped interconnect in the high stress region; the relatively large metal mesh region, the bottom electrode, and bottom contacts to the LEDs remained intact. To summarize, the weak point of the assembled structure is currently the top layer and, in particular, the contact to the cathode. We anticipate further improvements using designs that increase the adhesion at this interface. Inorganic LEDs are essentially hard objects and area lighting panels with distributed LEDs are often sought of being planar and mechanically rigid. However, in principle, it is possible to design rubber-like and mechanically soft lighting structures using inorganic semiconductors if we learn how to distribute and electrically connect microscopic LED chips in a rubber-like matrix. The presented structure was a fi rst step in this direction. The focus of this report was an intentionally chosen multilayer sandwich structure that is more challenging to fabricate when compared to previously reported structures where the device contacts are on a single face. [ 16, 20, 22, 30 ] As a result, more steps are required: i) design of the stretchable bottom electrode, ii) assembly and electrical connection of microscopic LEDs using a roll-to-roll fl uidic self-assembly step, and iii) the lamination of the top electrode that is different from prior designs. The following key elements have been learned. The combination of " stretch-tolerant" regions with "no-stretch attachment sites" reduced the bond failure to the chips; the bonds remain intact and sustain the 220% stretch limit set by the meandershaped interconnects. The introduced polyimide cladding increased the robustness of the meander and helped to achieve this number. Such high numbers have been reported previously using meander-shaped conductors facing an air interface; [ 31 ] however, we would like to point out that out-of-plane torsion leads to delamination and controlled pop-up of the conductors under these conditions; this behavior is known to close observers of the fi eld. [ 22, 32, 33 ] With the lamination of the top electrode a sandwich structure forms and the relief of this stress through out-of-plane torsion and pop-up of interconnects is no longer possible. As a result, the extremely high level of stretchability will be lost in applications that require encapsulation. This is interesting; most practical applications will require protection and some kind of encapsulation. [ 20, 21, 32, 34 ] The achieved fl exibility and radius of curvature of the entire sandwich structures was not as good as anticipated. The reason appears to be an insuffi cient force and bond to form a reliable electrical contact between the top of the LEDs and the top laminate. However, the approach to form this contact is new; it was based on hybrid materials approach using a metal grid with openings to an adhesive to attach the structure. Optimization of this interface has not been done and would require adjustments to the feature size and area of the non-conductive adhesive versus feature size and area of metallic surface.
The use of fl uidic self-assembly on stretchable and rubberlike substrates, on the other hand, was very successful since the assembly yield and speed is on par or better than robotic methods. The process supports the assembly of smaller chips, assembly on nonplanar and soft substrates, and higher volume when compared with conventional serial robotic pick and place and wire-bonding.
Finally, the presented methods are not limited to the realization of solid-state lighting panels. It could be extended to other applications in the fi elds of wearable electronics, energy harvesting, conformable photovoltaics, and electronic or biomedical skins. Applications that require the realization of multicomponent systems and not just the repetition of a single chip type would certainly be more challenging. However, in principle, such systems could be made. It would require the use of concepts such as shape recognition to enable fl ip-chip self-assembly with unique angular alignment or methods of sequential self-assembly to assemble more than one component/chip type on the surface.
Experimental Section
Bottom Electrode : 500 µm thick Si wafers (University Wafers, Boston, MA, USA) were fi rst cleaned in a solution of H 2 SO 4 + H 2 O 2 for 15 min and rinsed with DI water. Following the cleaning step, poly(methyl methacrylate) (PMMA) was used as a releasing layer. Specifi cally, 950 PMMA C4 (MicroChem) was spin-coated onto the substrate at 2000 rpm for 30 s. After baking at 180 °C for 3 min, a polyimide sacrifi cial layer (PI2610, HD Microsystem) was spin-coated onto the substrate at 3000 rpm for 30 s and prebaked at 100 °C for 3 min. The polyimide layer was then fully cured in convection oven at 200 °C for 5 h. The primary photoimageable polyimide layer (HD4100, HD Microsystem) was spincoated at 2000 rpm for 30 s followed by prebaking at 90 °C for 100 s and 100 °C for 100 s subsequently. The substrate was then exposed with 192 mJ cm −2 UV light, developed in PA 401D (HD Microsystem) for 150 s and rinsed in PA 400R (HD Microsystem) for 10 s. After drying, 10 nm Ti and 200 nm Cu were sputter deposited onto the substrate. Photoresist (AZ9260, AZ Electronic Materials) was then applied at 2000 rpm, prebaked at 110 °C for 165 s, and exposed with 500 mJ cm −2 UV light. The photoresist was developed using a 1:4 solution of AZ 400K developer diluted with DI water for 3 min. Subsequently, a thick copper layer was electroplated in 2:5:20 solution of CuSO 4 + H 2 SO 4 + DI water for 15 min. The photoresist was removed using a reactive ion etching (RIE) process (O 2 , 100 sccm, 100 W, 100 mTorr). The thin sputtered Cu and Ti layers were subsequently wet-etched in 30% FeCl 3 and buffered oxide etch solutions. The fabrication of secondary polyimide layer followed the same process with the primary polyimide layer above. After patterning the secondary polyimide layer, a silicone rubber precursor (EcoFlex 00-30, Smooth-On, Inc.) was poured onto the substrate and cured at room temperature for 4 h. The entire bottom electrode was then transferred to silicone rubber from the Si substrate by removing PMMA releasing layer with acetone. The remaining polyimide sacrifi cial layer was removed using RIE (80 sccm O 2 + 20 sccm CF 4 , 200 W, 100 mTorr). Finally, the receptor was formed by dip-coating in a heated solder bath.
